The technical potential of forest chips from final fellings in Central Finland was estimated using a method based on biomass maps derived from a multi-source forest inventory technique. Image segmentation techniques were applied to a satellite image mosaic to detect stand boundaries. The technical potential of forest chips was computed based on primary forestry residues, i.e. logging residues and stumps from final fellings. Harvesting level definitions for final fellings were established using realized statistics for roundwood at the municipality level as well as larger area statistics. The sensitivity of the potential to ecological and technical constraints in the model was also examined. The technical recovery rate of stump harvesting according to biomass harvesting guidelines was evaluated separately. The critical prerequisites for using the advanced, spatially explicit approach to analysing forest energy potentials may lie in the existence of spatially explicit forest inventory data and the biometric models for tree biomass assortments. The method applied was capable of taking into account the constraints that rely upon map data, such the actual forwarding distance or steepness of the slope in the terrain. The calculation results can be used for strategic decision making in the field of forest bioenergy production.
Introduction
Finland is committed to raising the proportion of renewable energy sources in its final consumption of energy to 38% by 2020 (EU 2009) . One of the key means of doing this is through increasing the use of forest chips, which are wood chips obtained as a by-product from forest operations. In 2012, a total of 8.3 million cubic metres of forest chips was consumed by heat and power plants and in small-scale housing (Ylitalo 2013 ). This was a bit more than half of the target set for 2020: Finland should then use annually 25 TWh (equivalent to 13.5 million cubic metres) of wood chips in combined heat and power (CHP) production and separate heat production (Ministry of Employment… 2010) .
Approximately half of the forest chips used in 2012 was made of small trees from early thinnings, 34% of crown biomass from final fellings, 14% of stumps and roots from final fellings and the remaining 5% of large-sized, sub-quality stemwood (Ylitalo 2013) . Of these assortments, the supply costs of small trees are the highest because there is an additional cost of felling compared to the supply of crown biomass or sub-quality stemwood. Obtaining a supply of stump biomass also involves the additional cost of pulling the stumps out of the ground, but this is typically lower than the cost of felling small trees (Laitila et al. 2010) . Crown biomass, stumps and sub-quality stemwood are by-products of harvesting industrial roundwood, whereas small trees can be procured either in separate operations or as integrated with the pulp wood supply.
Previously, it has been estimated that the domestic potential of forest chips would be enough to meet the national target. According to Kärhä et al. (2010) , the techno-ecological potential would range from 43 to 50 TWh (roughly from 21 to 25 million cubic metres), depending on the scenario applied. They also estimated that the techno-economical potential of forest chips would be 27-29 TWh (14-15 million cubic metres). Corresponding to the techno-ecological estimate provided by Kärhä et al. (2010) , a figure of 25 million cubic metres for the maximum sustainable potential was given in a report by Peltola and Ihalainen (2012) . These two assessments are based on National Forest Inventory (NFI) data. Anttila et al. (2013) stated that the technical potential would be 14-17 million cubic metres if small trees were harvested as whole trees. In their study the potential of biomass from final fellings was calculated based on felling statistics from between the years 2002 and 2011, biomass expansion factors and assumptions about the availability of the biomass.
Since the estimates by Anttila et al. (2013) are bound to municipality-level statistics, they can incorporate constraints that reduce the theoretical potential only at the municipality level. However, most of the constraints are spatially explicit (i.e. constraints for which the geographic location can be defined). These include, for example, slope, the forwarding distance and the smallest economically feasible removal at a forest stand. The studies by Kärhä et al. (2010) and Peltola and Ihalainen (2012) are based on inventory-plot-level data and may have only partially considered spatially explicit constraints. Therefore, there is a need for a methodology where spatially explicit constraints related to forest inventory data could be applied. The data should, thus, have wall-to-wall coverage.
In Finland, the k-nearest neighbour estimation method (k-NN) is the underlying methodology used for the Finnish Multi-Source National Forest inventory (MS-NFI). This approach has been widely applied for mapping forest attributes and the results can be produced at the municipality level and as wall-to-wall maps (Tomppo 2006; Tomppo et al. 1998 Tomppo et al. , 2008 Tomppo et al. , 2012 . Tuominen et al. (2010) further applied this technique for mapping forest biomass variables by first estimating a sample plot-level biomass using existing tree-level biomass component models. They also noted that spatially explicit raster maps for the forest biomass serve as a good basis for further calculating the technical and economical bioenergy potentials. To proceed in using operational kinds of treatment units, image segmentation techniques can be applied first, after which an aggregation of forest attributes (including biomass variables) is possible. Estimating forest attributes at the segment level based on Landsat TM satellite data and the k-NN method has also been investigated by Mäkelä et al. (2011) , who found that the k-NN method offers a promising approach to estimating initial data for scenario analyses at the local level.
Because the potentials of biomass from final fellings are bound to harvesting levels of industrial roundwood, the regional harvesting levels have to be constrained in the calculation, as it has been done, e.g., in the models by Noon et al. (1996) and Mahmoudi et al. (2009) . In addition, the candidate segments should be restricted to those where procurement is sustainable with respect to, e.g., land use class, soil and site type, slope, segment area and distance to road (e.g. Castellano et al. 2009; Jones et al. 2013) .
The primary aims of this study were 1) to develop a method for estimating the technical potential of forest chips from final fellings based on biomass maps and spatially explicit constraints, and 2) to apply the method in the area covered by the Forestry Centre of Central Finland (Fig. 1) . We also examined the sensitivity of the potential to the ecological and technical constraints in the model. An additional aim was to evaluate the technical recovery rate of stump harvesting according to biomass harvesting guidelines.
Materials

Multi-source forest inventory materials
Satellite data for the segmentation consisted of an image mosaic built from several IRS and SPOT-5 images. Additionally, Landsat TM image data was used to fill in gaps caused by clouds in the mosaic. The image mosaic covers Central Finland and it has been resampled to a 20-metre pixel size in the Finnish Uniform Coordinate System. More detailed information of the satellite image materials can be found in a report by Tomppo et al. (2012) . Also, road locations were incorporated into this study by extracting them from an MS-NFI raster map, where this information is presented as a separate category. Total land area in Central Finland region is 16700 km 2 , of which 13880 km 2 (83%) is classified as forest land (Peltola and Ihalainen 2012) .
The main sources of input data for the necessary GIS analyses used in the study are listed in Table 1 . The raster map of the forest biomass variables (Tuominen et al. 2010 ) and the thematic maps of the forest attributes from MS-NFI comprise the most important information sources. The functions or equations applied in the study by Tuominen et al. (2010) have been presented by Laasasenaho (1982) , Petersson and Ståhl (2006) as well as by Repola et al. (2007) . Biomass estimates for the relascope sampled trees were obtained first, and these were then summed up at the sample plot level to aid the k-NN estimation. Tomppo et al. 2012) 
Stump recovery study material
The proportion of the stump biomass collected from the total stump biomass in a forest stand area was pre-examined in a separate analysis. This analysis was based on existing materials from a stand development modelling study and two studies for checking the stand-level forest inventories. These materials have been reported and compiled for forest research by Anttila et al. (2001) . Altogether, 146 stands were selected for estimating the recovery rate of stump harvesting (Table 2) . The "SPATI" material contains fixed area sample plots established in North Karelia, Finland between the years 1988 and 1994 for spatial growth modelling (see, for example, Pukkala et al. 1994 for details). The data were obtained from 66 Scots pine (Pinus sylvestris L.) plots, 49 Norway spruce (Picea abies (L.) Karst.) plots and 43 plots mixed stands of Scots pine and Norway spruce. All trees have been measured by species and diameter at breast height. Sample tree measurements have been used to conduct height and age of the trees (see Pukkala et al. 1994) . Stand-level characteristics (mean age at breast height, mean diameter) were also available, which helped when selecting suitable mature stands for the stump recovery study.
The "ENSO" data set was established in 1991 to check the inventory by compartments and this dataset has been used in several forest inventory studies (see, for example, Kangas and Maltamo 2000a) . Originally, there were 579 forest stands, and six to twelve relascope sample plots have been systematically located in each stand. The diameter at breast height for each tree included in the sample plots using a relascope factor of two (m 2 /ha) has been recorded (in 1 cm classes). The median tree height was recorded as well. Available information about the stand development class and the site type were utilised when selecting the stands for this study.
The "KYMI" material originates from the years 1984 and 1985 and it is also a dataset containing forest stands and systematically located relascope sample plots (see, for example, Suutarla 1985; Kangas and Maltamo 2000b) . Originally, there were 555 forest stands in the material and the aim has been to measure eight to twelve sample plots in each stand. A relascope factor of two (m 2 /ha) has been used. The median tree height and stand development class information were used when selecting the stands and doing the computations.
In the ENSO and KYMI data sets, mature Scots pine and Norway spruce stands where the basal area of the Scots pine or Norway spruce trees was more than 90% of the total basal area, respectively, were selected to the study material. The selection of mixed stands of Scots pine and Norway spruce contained mature stands; in these stands, both tree species together made up 90% or more of the total basal area and neither species individually made up more than 90% of the stand basal area. Site class and diameter were used to determine the maturity of the stand according to forestry guidelines (Tapio 2006).
Methods
Overview of the calculation system used for the biomass potential
The calculations for the technical potential of the forest biomass in this study are based on a framework where a forest stand register covering a large area is used to report the aggregations of forest biomass variables (Fig. 2) . These biomass variables are initially expressed in tonnes of dry weight, and conversion factors are applied to obtain the potentials in volume and energy units (m 3 and GJ, respectively).
The calculation framework thus presumes a stand-level database of forest attributes: satellite image data and image segmentation algorithms were used to delineate the stand boundaries, whereas the forest variable estimates are based on a basic pixel-by-pixel-level output from a multi-source forest inventory study conducted in Central Finland (Tuominen et al. 2010) . Image segments furnished with the calculated forest attributes then represent forest stands in the calculation system. Different kinds of technical and environmental constraints are introduced in further steps. A sampling loop is needed (Fig. 2 ) because random selection is applied when adjusting the site class distribution and selecting the stands for final felling. The primary output result from the calcula- tion system consists of municipality-level sums of the biomass assortments, i.e. crown biomass (logging residues) and stump biomass by tree species.
The main results for the biomass assortments were then calculated as average values from the replicates produced by the sampling loop. The reporting phase contains summary table calculations for the given scenarios and sets of constraints. It also contains the necessary unit conversions.
The approach and the methodology that are applied in this study for assessing forest biomass resources can be categorised as a resource-focussed assessment and a spatially explicit analysis (see Vis et al. 2010) , respectively. Scenario analysis is incorporated in this study via the definitions for the harvesting levels of industrial roundwood.
Image segmentation and raster overlay analysis
Forest stand boundaries for the analysis were delineated using an image segmentation algorithm presented by Pekkarinen (2002) and satellite image data. Initial segments were created for a satellite image mosaic that was first smoothed with a moving average filter using a 3 × 3 pixel window, after which the segment boundaries were produced using three iterative rounds for region merging. No post-processing was done for the segment boundaries after using the segmentation algorithm. The boundaries were converted into a vector format and the centroids for the segments were generated using ArcGIS utilities (Esri Products 2013) .
Spatially explicit forest resource data from a multi-source forest inventory (Tuominen et al. 2010; Tomppo 2006) form the main input for the methodology, and the most important calcula- tion tools are the existing biometric, tree-level models of the different biomass components for the existing tree species. A biomass map produced in the study by Tuominen et al. (2010) is used as the input raster map of biomass variables in this study, for which nearest neighbour resampling was applied to produce a raster map having a pixel size of 20 metres and a grid matching the one in the satellite image mosaic.
Forest attributes other than the biomass variables originate from the MS-NFI raster map for Central Finland (Tomppo et al. 2012) . These attribute values have been generalised to the raster cells using the k-NN method allowing the imputation of all interesting forest variables simultaneously (for a more detailed discussion of the approach, see Tomppo et al. 2012) . In MS-NFI raster map, forestry land includes forest land, poorly productive forest land and unproductive forest land (Tomppo et al. 2012) . In this study, thematic map data from the MS-NFI raster map was utilised to exclude non-forestry land (e.g. waters, roads) from the analysis. The nature conservation areas and areas of the Natura 2000 network were also excluded from the analyses.
Forest attributes at the segment-level were calculated using a raster GIS zonal analyses, where the raster map of the biomass variables (Tuominen et al. 2010 ) and the thematic map of the forest variables (MS-NFI) are overlaid with the stand delineation. Thereafter, the mean values or mode values (for category variables) of the forest variables in the segments were produced. The resulting stand-level attributes comprise a stand register with interesting forest stand variables (Table 3) for further analyses (see also Vis et al. 2010) .
Additional auxiliary variables, such as the distance from roads or the steepness of the slope, which are needed for further potential analyses, were later joined with the aforementioned stand attribute table (Table 3) . 
Harvesting level definitions
Harvesting levels were defined using annual statistics for roundwood removals at the municipality level ( To account for inter-annual changes in harvesting volumes, three sets of harvesting levels were defined (Fig. 3) : for the average scenario (AVG), the average roundwood removals from regeneration fellings by municipality were assumed. For the minimum (MIN) and maximum (MAX) scenarios, the annual roundwood removals from regeneration fellings were selected from the years 2009 and 2007 having smallest and largest total roundwood removals at the forestry centre level, respectively. At the forestry centre level, the scenarios MIN, AVG and MAX represent annual final fellings of approximately 2.3 mill. m 3 , 3.5 mill. m 3 and 3.9 mill. m 3 , respectively (Fig. 3) .
Stump recovery rate
The stump biomass, i.e. the biomass of stumps and roots (> 1 cm), was computed for each tree as a function of the tree species, the diameter at breast height and the height of the tree using biomass models for pine, spruce and birch trees (Repola 2008 (Repola , 2009 ). The explanatory variable was diameter at breast height for the pine and spruce models, and diameter and height for the birch model. For the ENSO and KYMI data sets, the tree height curves at plot level were estimated using sample tree measurements and the approach presented by Siipilehto (1999) .
The stump recovery rate is described as the share of the collected stump biomass out of the total stump biomass in the stand after following the basic forestry guidelines presented by Tapio (2006) and the guidelines for the harvesting of forest biomass for energy wood (see Äijälä et al. 2010; Kärhä 2012 ). In the analyses, the following rules were followed:
• all stumps with a diameter of less than 20 cm were left on the harvesting site (Kärhä 2012) • in addition to the small stumps above, 25 larger stumps per hectare were not extracted: this selection is done randomly, starting from stumps of deciduous tree species.
The stump diameter (d s ) mentioned above was approximated here as a transform, d s = 2 + 1.25d, where d is the diameter at breast height (cm), (see, for example, Repola 2008 Repola , 2009 . One hundred simulation runs were conducted for each stand in the study materials, SPATI, ENSO and KYMI, and the mean stump recovery value was calculated for each stand based on these simulation runs.
Results for the value of the stump recovery rate are presented in Table 4 . The total mean value for the stump recovery value was 0.89. Following these results, the value of the stump recovery parameter in the model application was set at a value 0.9.
Environmental criteria and constraints
The technical and economic accessibility of the biomass from logging residues and stumps, together with the environmental criteria, such as protecting forest soil, affect the bioenergy potential of forest chips. These regulations and criteria were implemented in the calculation model as constraints (Table 5 , basic and optional constraints) that limit the availability of the forest biomass.
Guidelines for harvesting the forest biomass for energy, presented by Tapio, the Finnish Forestry Development Centre, were used for the model calculations (Äijälä et al. 2010) , in addition to the general Finnish forestry guidelines (Tapio 2006). These operational recommendations for energy wood harvesting in Finland include ecological guidelines for protecting forest soil and the remaining trees. The technical recovery parameters for the residues and stumps applied in this study partly account for these aims. The economic accessibility constraints (Table 5 ) are based on instructions from the Internet sites of Finnish companies (see Lehtonen et al. 2010) . Logging residues and stumps in poor soils should not be recovered, and buffer zones around remaining trees should be left at the stump harvesting sites.
Generally, the stand-wise totals (in tonnes) of the biomass variables were obtained by multiplying the average biomass (t/ha) in the stand (see Table 3 ) by the area of the stand (ha). Thereafter, the technical accessibility was implemented using coefficients for the recovery rates for logging residues, stump extraction, the proportion of the unmerchantable stem top and the effect of the slope (see text below). Additionally, 3-metre buffer zones at the edges of the stump harvesting sites were created (Quantum GIS Development Team 2013) , and they were extracted from the stump recovery area when computing the stand-wise biomass of the stumps (see Table 3 , below-ground biomass). Basic densities (see Table 6 ) were applied for evaluating the economic accessibility of the stands. The steepness of terrain slope technically limits the ability to perform mechanical harvesting. For example, the operating instructions for forest machinery mention a slope angle limit of 20 degrees (Ponsse 2012) . Furthermore, in order to diminish the risk of erosion and nutrient leaching, steep slopes should be avoided. A limit of 35% (≈ 20 degrees) has been suggested by Fernholz et al. (2009) and Vasaitis et al. (2008) . In this study, it was assumed that the proportion of biomass harvested in a stand is relative to the share of the feasible area (slope ≤ 20 degrees) in that stand. This share of feasible area in a stand is described using a slope coefficient (Fig. 4) .
For analysing the slope, the 25-metre resolution DEM was first resampled to a 20-metre cell size using nearest neighbour resampling. After this, a slope raster and a 1/0 -valued "feasible slope" raster were created. Zonal raster analyses (mean value) were then used to obtain the share of the area where the steepness of the slope was less or equal to 20 degrees (Fig. 4) . If the share of the feasible area in a segment was 0.50 or smaller, then that particular segment was excluded from the analyses. Otherwise, the biomass available in a stand was calculated by multiplying the total biomass in the stand by the slope coefficient value in that particular stand. It can be noted here that the slope coefficient was also applied in selecting stands for regeneration to fulfil the harvesting level for each municipality.
The MS-NFI data was used for raster overlay GIS distance analysis to aid in finding the distance to the nearest road from each centroid point of the segment. The actual forwarding distance was calculated by multiplying the direct distance from the stand centroid to the nearest road by a winding factor value of 1.4 (Uotila and Viitala 2000). As an optional constraint (II), a maximum actual forwarding distance limit of 300 metres was applied to select the regeneration sites that were economically the most feasible in this sense for biomass harvesting. In Southern Finland, the average actual forwarding distance is close to 360 metres (Uotila and Viitala 2000, p. 29) . In Finland, stump harvesting is mostly limited to the regeneration sites that are dominated by Norway spruce due to the shallow root system of Norway spruce and the good yield of stump wood per hectare. In the case of Scots pine, the stump harvesting is made more difficult by the deep tap root that also carries stones and impurities to the extracted stump wood material (Laitila et al. 2008) . Thus, an optional constraint (III) involved selecting the stump recovery sites from among only the regeneration sites dominated by Norway spruce. The effects of these optional constraints on the biomass potential were analysed separately at the Forestry centre level.
In addition, an unconstrained theoretical potential at the Forest centre level was calculated for the harvesting level definition, AVG. The theoretical potential was obtained by summing up the biomass of logging residues and stumps from all of the stands selected for regeneration cutting. Table 5 shows the proportions of the unmerchantable stem tops that were assumed for the tree species' categories.
Sampling loop
Calculating stand site classes as pixel-level mode values tends to produce more peaked distributions than the actual site class distribution, i.e. the distribution based on the Finnish NFI (Peltola and Ihalainen 2010). Thus, it was necessary to adjust the site (fertility) class distribution in the stand attribute table to match the NFI-based distribution (Fig. 5) . For that reason, stands were selected randomly from a source class and transferred to a target class until the share of the target class was large enough or until the source class was empty. The target class was always the neighbouring class on the tail side of the distribution. The transferring process started on both tails of the distribution, with the second outermost class as the source class, and proceeded towards the centre of the distribution.
The potentials of the primary forestry residues (logging residues, stumps) were computed as follows. At first, the stands that were available for regeneration were detected using the Finnish forestry operational guidelines, where the regeneration criteria comprise the minimum mean diameter for each of the soil fertility classes (see Tapio 2006 ). The stands were selected randomly for final felling from the available stands until the harvesting level from the final felling (in m 3 ) Fig. 4 . Calculation of the slope coefficient for the segments was based on raster overlay analyses using a 20 metre grid cell: the "Feasible slope" is a DEM-based, logical raster layer indicating whether the steepness of the slope is less or equal to 20 degrees (1:TRUE; 0: FALSE).
was achieved for each municipality. Finally, the computation of the potential of forest chips from final felling was based on the selected stands that satisfied the given set of constraints (Table 5) . Following the approach presented by Vis et al. (2010) , the amount of logging residue (crown biomass) was calculated as the sum of the branch biomass, foliage biomass and biomass of the unmerchantable stem top.
The number of replicates
The sampling variance in the calculation results is composed of two components: the variance due to the site class distribution adjustment (σ SC 2 ) and the variance due to the selection of stands for regeneration (σ SS 2 ). In order to estimate the variance components, the site class adjustment was repeated 25 times, and for each site class adjustment the stand selection was repeated 200 times. Altogether, the results were computed 5000 times using the basic constraints and AVG harvesting level. The estimate of the variance due to stand selection was the mean value σ =Var x ( ) i SS 2 , i = 1,2,…,25, where x stands for sum of the biomass from logging residues and stumps at the forestry centre level, and Var i (x) is the variance among 200 samples given a fixed site class distribution. The estimate of the variance due to site class adjustment was σ =Var x
, where x i is the mean value of the 200 samples given a fixed site class distribution.
Out of the total variance among all SSs (stand selection) and SCs (site class adjustment) in the test simulation data, the σ SS 2 was 97% for the residue biomass and more than 99% for the stump biomass and the total biomass at the forestry centre level. Thus, the variance due to site class adjustment (σ SC 2 ) was very small compared to the variance due to stand selection for regeneration (σ SS 2 ). Based on the estimates of the variance components, the final results were computed from 500 replicates for each municipality. Replicates were generated by repeating the site class adjustment 5 times and repeating the stand selection 100 times for each site class distribution. The ratio 5/100 roughly approximates the optimal ratio of sample sizes in two phase sampling (Cochran 1977) .
Reporting
The estimates of the municipality-level potential of forest chips were computed as the mean of 500 replicates. The mean values of the biomass dry weight (tonnes) were converted into solid volume units (m 3 ) and energy units (GJ). The tonnes of dry weight biomass were converted into the volume (v, (m 3 )) of the biomass assortment by dividing the dry weight (m d , (t)) by the basic density (r 0g , (t/m 3 )) ( Table 6 ):
The tonnes of dry weight were converted into energy (W) units (GJ) as follows. Given a lower heating value (Q net,d , (MJ/kg)) for a biomass assortment and assuming moisture as received (M ar , (%)), the biomass assortment was converted from tonnes dry weight (m d ) into energy units as follows:
where a lower heating value as received (Q net,ar ) is calculated as follows:
net,ar net,d ar ar
The approach presented briefly above (in Eq. 2 and Eq. 3) is adapted from Alakangas (2000) .
The parameter values for the lower heating values (Q net,d ) were adapted from the existing literature for pine, spruce and broadleaved trees (Table 6 ). The moisture rate of the logging residues and stumps as received was assumed to be 50% and 35%, respectively (see, for example, Alakangas 2000).
Results
Sampling variance
The variations due to the random selection of stands for regeneration within the municipalities increased with more constraints (Fig. 6) . In terms of the theoretical potential, all crown and stump biomass is accessible in any selection of regeneration stands and the variation is quite small, with a median value of 0.28% and a mean value of 0.32%. In the cases of constraints "I" and "II & III", the median values for the coefficient of variation resulted in 2.3% and 6.0%, respectively (Fig. 6) . The mean values for these cases were 2.8% and 6.8%, respectively. By setting n s at a value of 25, 100 and 500, the SD(%) for the sample mean would, on average, be 1.4% , 0.68% and 0.31%, respectively, with all basic and optional constraints (in the case "II & III"). This shows that a total of 500 replicates are enough for analysing the crown and stumps biomass together.
Potential of forest chips
The technical potentials (in tonnes dry mass) for the three harvesting scenarios, MIN, AVG and MAX, are presented in Fig. 7 , where the theoretical potential is also presented for the AVG harvesting level definition. When only the basic constraints were applied, the annual forest-centre-level potentials for the residues in the MIN, AVG and MAX scenarios were 212 000 tonnes (470 000 m 3 ), 320 000 tonnes (710 000 m 3 ) and 361 000 tonnes (810 000 m 3 ), respectively (Fig. 7a) . For stumps, the results for the MIN, AVG and MAX scenarios were 141 000 tonnes (310 000 m 3 ), 212 000 tonnes (470 000 m 3 ) and 240 000 tonnes (530 000 m 3 ), respectively (Fig. 7b) . The results for the spruce stumps in the harvesting levels MIN, AVG and MAX were 71 900 tonnes (165 000 m 3 ), 109 000 tonnes (250 000 m 3 ) and 123 000 tonnes (280 000 m 3 ), respectively.
The municipality-level technical potentials of forest chips from final fellings in tonnes dry mass (1000 t) are presented in Table 7 . The results were calculated for the AVG harvesting level definition and all of the basic and optional constraints (Table 5) were applied.
Following the results presented in Table 7 , the technical potential of forest chips from final fellings for energy in Central Finland is 0.26 million tonnes (dry mass), that is 4.6 million GJ (1.3 TWh). The energy potentials from logging residues and stumps are 3.2 million GJ (0.9 TWh, 70%) Fig. 6 . Coefficient of variation (SD, %) within municipalities in the set of replicates (n s = 500) for the theoretical potential (Theor.) and for the technical potentials of forest chips from final fellings in Central Finland in the harvesting level AVG under different sets of constraints; (I: basic constraints; II: basic constraints and an actual forwarding distance limit of 300 m; III: basic constraints and a stump extraction limit to regeneration stands dominated by Norway spruce). (In the boxplot, the box region shows the range between 1st and 3rd quartiles (including 50% of the observations), the thick line is the median and the outer lines extend to the most extreme data point which is no more than 1.5 times the length of the box away from the box. The most extreme observations are also plotted (R Core Team 2012)). and 1.4 million GJ (0.4 TWh, 30%), respectively. Moreover, in the MIN and MAX scenarios the technical potentials in Central Finland resulted in 0.85 TWh and 1.5 TWh, respectively, when applying all basic and optional constraints. The theoretical potential that was based on the AVG scenario resulted in 5.2 TWh.
Discussion and conclusions
Based on the fact that we utilised remote sensing satellite data in the analyses, a certain degree of uncertainty in the modelling approach stems from the satellite remote sensing-based forest variable estimations (see also Kärkkäinen at al. 2008; Mäkelä et al. 2011) . For example, the limited point accuracy of the satellite image-based estimation of forest variables has so far limited the analysis of the potential of small trees harvested for energy wood. The segmentation techniques also produced uncertainty regarding the location of the stand boundaries. However, the general applicability of the calculation model as a whole, i.e. the spatial analysis utilising existing map data, gives a very good starting point for analysing forest bioenergy potentials. Forest stand data registers from the operational forest inventory by compartments are another good data source for model applications, like the one in this study. With the calculation system that we applied, the harvesting level definition directly affects the level of the resulting technical potentials. Vis et al. (2010) mention that integrating the existing net annual increment (NAI) statistics into the work flow for a basic spatially explicit approach provides an indication of the annual biomass production capacity. For a more advanced spatially explicit approach, like the one used in this study, a biomass map was produced using a remote sensing technique (Tuominen et al. 2010) (Peltola and Ihalainen 2010, p. 75) . The harvesting levels defined in this study are then assumed to represent a level that is lower than the level of the net annual increment. In this study, these harvesting levels were given to the analysis as the definitions AVG, MIN and MAX for industrial roundwood removals in Central Finland. The annual harvesting levels from regeneration cuttings in Central Finland ranged from 2.3 to 3.9 mill. m 3 . Using harvesting level definitions that are based on the statistics presented here, it was possible to examine the true fluctuations in the annual biomass of logging residues and stumps.
In this study, we accounted for the technical and environmental constraints and operational instructions for forestry operations in a spatially explicit way. GIS analyses need to be performed and various models and data need to be used with this type of approach. Preparing the input data for analysis, applying techniques for multi-source remote sensing and performing image segmentation is a quite demanding and laborious task. The working procedures, computer software tools and biometric models for these analyses therefore need to be further developed to make it easier to implement these techniques in the future. With this approach, forest information in GIS databases can be used and the results can be applied to strategic decision making in the field of forest bioenergy production. The random variation in the simulation outcome results originates from adjusting the site class distribution to match the NFI-based distribution and from selecting the stands for regeneration. Adjusting the site classes randomly can cause the set of stands capable of being regenerated to be slightly different in each case. The randomly selected stands for final felling then constituted the set of stands to which the given constraints were applied. The spatial location of the regeneration stands and the distribution of forest resources to municipalities of different sizes affect the amount of variation in the results. The municipalities in the study area are of different sizes and the results are relatively more precise for larger municipalities. In this study, we noted that most of the variation was produced by the random selection of the stands for final fellings. We found that 500 replicates was a reasonable amount of replicates for computing the municipality-level potentials.
Forest energy potentials have also been computed for Central Finland using other methods where the potentials are derived, without any spatial aspects, directly from the statistics on the removals of industrial roundwood by Finnish municipalities . At the forestcentre-level, with the basic and optional constraints, we estimated that the potentials for logging residues and stumps were 183 000 tonnes (409 000 m 3 ) and 81 000 tonnes (181 000 m 3 ), respectively. Both of these are low (at the 68% level) compared to the results in the study by ; their results show potentials of 599 000 m 3 and 265 000 m 3 for logging residues and stumps, respectively. Their analyses are based on the years 2002-2011, which had the same average level of roundwood removals compared as in this study (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ) (see MetINFO 2013) . In their study, Anttila et al. (2013) applied recovery rates of 0.70 and 0.95 for crown biomass and stumps, respectively.
Notable differences resulted when the optional constraints were applied in this study. After also introducing the optional constraints, the technical potentials for the residues and stumps are roughly 60% and 40%, respectively, of those for the basic constraints in the average scenario. Furthermore, the results by Anttila et al. (2013) contain Norway spruce stumps only. The results for the spruce stumps (250 000 m 3 ) after only applying basic constraints to the average harvesting level are close to the results reported by Anttila et al. (2013) .
Analyses of the forest biomass potentials have been integrated into the MELA System (Siitonen et al. 1996) , which is a Finnish forestry model and an operational decision support system for forest management planning (see Kärkkäinen et al. 2008) . A MELA analysis with NFI10-NFI11 data for the largest sustainable harvesting level of merchantable wood and energy wood in Central Finland for the years 2009-2018 shows a cutting removal rate of 6.2 million m 3 /a for merchantable wood. From regeneration cuttings, the reported energy wood removal for crown biomass was 589 000 m 3 /a, and for stumps 770 000 m 3 /a. A stump diameter of 25 cm or larger was required. The recovery rates for logging residues and stumps were 0.70 and 0.85, respectively (see MetINFO -MELA 2013) .
In the basic scenario proposed by Kärhä et al. (2010) , the techno-ecological biomass potential of forest chips in Central Finland in the year 2020 was estimated to be 3.3 TWh, of which 1.1 TWh and 1.3 TWh come from logging residues and stumps, respectively, and 0.9 TWh from small trees. The recovery rates 0.70 (logging residues), 0.85 (pine stumps) and 0.90 (spruce stumps) were assumed. In addition, separate percentages, i.e. 72% (logging residues) and 85% (stumps), were assumed to represent the share of feasible harvesting sites in Central Finland (for further details of the approach, see Kärhä et al. 2010) . In this study, when applying the basic set of constraints, the potential in Central Finland resulted in 2.6 TWh, which was comprised of logging residues (1.6 TWh) and stumps (1.0 TWh).
In Central Finland, the consumption of forest chips in 2012 has been 1.07 million m 3 , of which 325 000 m 3 was logging residues and 32 000 m 3 was from large-sized timber (Ylitalo 2013) . The consumption of logging residues represents 80% of the potential estimated using the basic and optional constraints. The amount of stump and root biomass used in 2012 was 205 000 m 3 , indicating that part of the feedstock originates outside Central Finland.
We carried out a separate simulation study to establish the stump recovery rate as a means of supporting the parameter value setting. For example, in an earlier study ), a stump recovery rate of 95% was used and the simulation experiments indicated a slightly lower value, 90%, for this parameter. Naturally, the width of the buffer zones applied around, for example, the remaining trees and the existence of special habitats affect the operational stump recovery rate.
Remote sensing-based inventories of natural resources offer invaluable information that can be used for decision making in forestry and bioenergy issues. Besides satellite image data, Airborne Laser Scanning (ALS) has recently become into operational use for forest inventories at forestry centres in Finland. This can open up new possibilities for biomass potential analyses, too. Moreover, the multi-source forest inventory result database, which includes raster maps of the biomass in Finland, was recently given an open access and this will also aid in developing applications. The information value of the biomass component output in forest inventories has now proven to be high. As the harvesting of small trees for forest bioenergy increases, remote automatic methods for detecting the potential young stands suitable for energy wood harvesting is also an important topic of future research.
The spatially explicit method used in this study is capable of taking into account the constraints that rely on map data, such the actual forwarding distance. After conducting a GIS analysis, the new attribute can be imported into the segment attribute table for further use in calculations. The next steps might be further studies utilising road map data to calculate the supply cost by optimising the biomass flow from the stands to the plants (see, for example, Ranta 2005; Kanzian et al. 2009 ). More accurate and detailed stand inventory data would make it possible to simulate the development and operations for the stands and optimise forest management (Rørstad et al. 2010) . Stand inventory databases may not always, however, be available. For those situations, our method of using a harvesting scenario approach seems to be a feasible solution.
The variation present in the simulation outcomes at the municipality level represents the uncertainty that exists in the operational markets for roundwood. Instead of using even probabilities in the random sampling of segments for regeneration cutting, different weights could be used according to owner type or category. This would require integrating timber selling behaviour aspects or information on the forest owners' preferences into analyses of the forest energy potentials.
The critical prerequisites for using the advanced, spatially explicit approach to analysing forest energy potentials may lie in the existence of spatially explicit forest inventory data and the biometric models for tree biomass assortments for the various tree species. To support the important sustainability criteria in the decision-making process, the importance of a reliable and objective forest inventory system at national and regional levels cannot be emphasised too much.
